The controlled movement of magnetic beads trapped on a surface in the moving inhomogeneous stray fields of moving domain walls between artificial domains of exchange bias layer systems has been applied for mixing of two aqueous fluids in a microfluidic device of small volume. The mixing of the two fluids can be considerably accelerated by transporting full rows of beads and use them as micro stirrers. The mixing speed in the current experiment is tripled in the first 6 min of mixing as compared to normal diffusion even for ratios of 250 between container height and bead diameter. The development of efficient mixing in microfluidic systems is an active field of research due to increasing demands in Lab-on-a-chip (LOC) concepts or micro-total analysis systems (lTASs) for biological, chemical, medical, and pharmaceutical applications. [1] [2] [3] In these devices, smallest amounts of fluids must be controlledly transported and for many applications mixed. 4 However, mixing of two fluids in a microfluidic container is dominated by slow molecular diffusion at the interface between the different fluids 5, 6 due to the small Reynolds number R e leading to laminar flows and an increasing fraction of the fluid volume adhering to the walls when container dimensions are reduced. Hence, efficient mixing can only be achieved by increasing the contact interface between the fluids 6 or by disturbing the wall adhesion layer. One way to increase the mixing efficiency is active mixing, where external energy is transferred into the mixing device via electric or magnetic fields, ultrasound and miniaturized impellers, or micro nozzles. [7] [8] [9] For active mixing, the use of controlledly moving superparamagnetic beads for stirring is extremely promising, 10, 11 if it is possible to achieve controlled particle movement of a large number of particles and if it is possible to avoid clustering of the magnetic beads close to or on container walls. Due to the superparamagnetic particle movement, both the mobility of the fluid lamellae and the interface is increased; hence, the mixing efficiency is enhanced.
However, forces on superparamagnetic particles by magnetic gradient fields from usual laboratory field sources are weak, and achievable steady state velocities far away from surfaces are rather slow. Moreover, if the particles are close to one of the container walls, the weak magnetic forces will not be able to overcome the surface-particle sticking forces DLVO (Derjaguin, Landau, Verwey, Overbeek) forces 12 , and therefore these particles will not move. 13 Therefore, to avoid sticking, several techniques have been developed, mainly based on chemical modifications of either substrate or particles [14] [15] [16] [17] or both. Here we show an implementation of magnetic field induced active mixing by the controlled movement of commercially available superparamagnetic beads over a surface trapped in designed moving domain walls without chemical modification of bead or substrate. The principle of particle movement has recently been demonstrated to work without any further measures for surface coating, using an exchange bias (EB) layer system artificially patterned into magnetic parallel-stripe domains as a substrate. 13 Designed parallelstripe domains with adjustable widths in the range of 2-10 lm have been prepared by a combination of lithography and keV He þ -ion bombardment with average remanent magnetizations perpendicular to the long stripe axes and antiparallel in adjacent stripes ( Fig. 1) . 18, 19 Such a domain pattern maximizes the stray fields' gradients over domain walls, [20] [21] [22] inducing maximum forces attracting superparamagnetic beads to the surface. Since magnetic moments of superparamagnetic particles align parallel in the field of one domain wall, beads trapped in one domain wall repel each other, avoiding clustering by orders of magnitude. With a special field pulse, domain walls in such a substrate can be moved in predefined directions, thereby moving particles trapped in the corresponding stray fields. 13 In the present paper, we will show experimentally that the controlled movement of superparamagnetic bead rows trapped in the moving stray fields of moving domain walls (domain wall movement assisted transport, DOWMAT) enhances the mixing speed in a microfluidic device between two different fluids as a proof of principle. The fluid mixing chamber has been fabricated using silicon for the fluid channels placed on top of the magnetically patterned substrate (Fig. 1 ). The silicon mask had a thickness of 500 lm, was top-closed by a cover glass, and mechanically compacted. The EB layer system of the substrate was Ta ) in an applied in-plane magnetic field H IB of 80 kA/m, with average H EB;i directions antiparallel in adjacent stripes and perpendicular to the long stripe axes. The RMS surface roughness after magnetic patterning has been determined by atomic force microscopy to be about 1 nm.
The fluid chamber has been inserted into a home built electro magnet for tailored magnetic field pulses in x-direction and a pair of coils for field pulses in z-direction (see Fig.  1 ). The field pulse scheme is depicted in Fig. 2(a) 
Maximum field values have been jH x j ¼ 40 kA/m and jH z j ¼ 9.6 kA/m. The rise times Dt R of the pulses (Fig. 2(a) ) are 0.13 s for the H x and 0.02 s for the H z field component. The DOWMAT of particles is performed along the þx and Àx directions with 100 steps of 5 lm lengths in each direction and the first 100 steps in þx-direction. In separate experiments it has been verified that the pulse lengths are sufficient to transport the particles from domain wall to domain wall, i.e., 5 lm per individual pulse. Therefore the average velocity of the particles is 25 lm/s, although the individual particle velocity during a single pulse is higher. 13 The transport direction is defined by the relative phases of H x andH z When alternating ðþH x ; þH z Þ and ðÀH x ; ÀH z Þ pulses are applied, a movement in þx-direction is achieved; when alternating ðþH x ; ÀH z Þ and ðÀH x ; þH z Þ pulses are applied, particles are moving in Àx-direction. 13 The mixing process is observed by an optical microscope and a video camera through the aperture of the topcoil (see supplementary material 23 ). Fluids A and B have been aqueous solutions of spherical PEG-COOH functionalized, superparamagnetic spherical beads with an average diameter of 2.00 6 0.02 lm determined by dynamic light scattering and a saturation magnetic moment of 4.48 Â 10
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2 obtained in an external magnetic field of 200 kA/m characterized with a vibrating sample magnetometer, purchased from MICROMOD GMBH. Fluid A has been marked by the blue dye Coomassie Brilliant Blue G-250 and fluid B by titan yellow for optical discrimination.
The mixing chamber has been carefully filled with the two fluids via the two injection channels (Fig. 1(b) ) avoiding strong mixing during the injection and leading to an almost straight fluid interface. After injection 2 min waiting time ensured that the beads have been trapped in the domain walls' stray fields on the substrate surface. Diffusion based mixing has been observed without bead movement serving as the reference for naturally occurring mixing. Photographs have been taken in regular intervals of 30 s within the first 2 min. During bead transport photographs have been taken each second minute.
Color intensities for fluids A and B have been determined as a function of position in the analysis area of A ¼ ð2:561:2Þ mm 2 , corresponding to a fluid volume of 1.5 lL (Fig. 2(b) ). They have been correlated to the fluid volume fractions aðx; tÞ and bðx; tÞ at positions x within the analysis area at times t by normalizing the color intensities at 
where r After color intensity to volume fraction normalization, photographs have been evaluated in the following way: volume fractions aðx i ; tÞ have been determined at positions ðx i ; y i Þ in the photographs recorded at defined times t with a sampling distance of Dx ¼ Dy ¼20 lm. At each position x i , averaging has been performed over the full y range in the analysis area. Subsequently, the variances of the volume fractions a and b have been determined according to 
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À2 min À1 (solid line in Fig. 3(a) ). Two min after fluid injection, particles had been started to move, 100 steps of 5 lm length in þx-direction, followed by 100 steps in Àx-direction. IðtÞ decreases rapidly with time ( Fig. 3(a) ) within a fluid volume of V ¼ 1:4 6 0:1 lL. This result is remarkable, since the ratio between the mixing chamber height and the bead diameter is 250. However, we cannot exclude that the mixing efficiency is much higher near the boundary layers at the bottom of the fluid chamber, since the lamellae velocity exponentially decreases with increasing container height. Hence, we expect more efficient mixing for smaller height-to-diameter ratios. The decrease of IðtÞ within the first few minutes of mixing is approximately linear with a slope of dI=dt ¼ Àð3:1 6 0:2Þ Á 10 À2 min À1 (Fig. 3(a) ), three times faster than natural mixing by diffusion. In longer time intervals ( Fig. 3(b) ), IðtÞ decreases exponentially for an unaltered movement scheme (V ¼ 1:8 6 0:1 lL). The linear approximation in Fig. 3(a) corresponds to a first term Taylor series of the overall exponential decay of IðtÞ. Due to Fickian diffusion, dI=dt is expressed in terms of the spatial change of the diffusive flux. Hence, the progress of IðtÞ originates from the exponential decay of the diffusive flux, i.e., the reduced spatial concentration gradient.
The DOWMAT of the superparamagnetic bead rows on the sample surface cause a movement of the liquid lamellae close to the beads and, at the same time, disturb the adhesion layer of the fluids to the substrate surface. As a consequence, the interface between the fluids and their movability is increased and correspondingly the mixing efficiency. The mixing speed (linear approximation as in Fig. 3(a) ) as a function of successive steps in one direction is shown in Fig. 3(c) for individual pulse times of 500 ms within a mean fluid volume of V ¼ 3:2 6 0:4 lL. The mixing speed increases dramatically for relatively small numbers of steps and saturates already for about 10 steps forward/backward.
In summary, we have proven a technique for microfluid mixing, based on DOWMAT of full superparamagnetic bead rows on the surface of an exchange bias layer system artificially patterned into parallel-stripe magnetic domains with no additional measures for surface coating. The proof of a considerably increased mixing speed holds promise that this technique can be efficiently integrated in microfluidic devices or used with microwell plates.
